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The sustainable use of water resources requires clear guidelines for the management of diffuse pollution inputs to rivers. Without informed guidelines, management decisions are unlikely to deliver cost-effective improvements in the quality of rivers as required by current water policy. Here, we review the evidence available for deriving improved guidelines on the loading of fine sediment to rivers based on the impact on macro-invertebrates. The relationship between macro-invertebrates and fine sediments is poorly defined. Studies of the impacts of fine sediment on macro-invertebrates have been undertaken at various scales, which has an influence on the range of responses displayed and the reliability of the results obtained.  Many of the identified effects of increased loading of fine sediment on macro-invertebrates occur as a consequence of deposition on the river bed, yet many current management guidelines are based on suspended sediment targets. On this basis, existing water quality guidelines for sediment management are therefore unlikely to be appropriate.
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Due to their ubiquitous occurrence, high diversity and range of sensitivities, macro-invertebrates are used extensively to assess pollution in freshwaters. Much of the focus of the science of biomonitoring (using biological samples to determine the extent of stress) has been driven by concerns about the impact of sewage pollution on potable water resources (Jones et al., 2010). Nevertheless, it has long been noted that fine sediment (defined here as inorganic and organic particles of less than 2 mm diameter) can have a detrimental effect on aquatic invertebrate communities (e.g. Ellis, 1936). Such observations have lead to efforts to describe and quantify the impact of fine sediments on invertebrates. Largely, these investigations have been driven by an interest in the effects of fine sediment per se. However, any impact of fine sediment (from sources other than sewage effluent) on macro-invertebrate communities is likely to confound interpretation of these communities in terms of organic pollution  from water treatment sources alone and an improved understanding of the effects of fine sediment from all key catchment sources would, therefore, help resolve any confounding influence and guide appropriate management decisions.
The erosion and deposition of fine sediment are intrinsic and natural components of the hydro-geomorphic processes of fluvial systems. Indeed, aquatic biota contribute significantly to the production (e.g. faecal particles, phytoplankton), processing (breakdown of detritus, nutrient cycling) and downstream conveyance (e.g. bioturbation, retention by macrophytes) of fine sediments. However, human activities in catchments have resulted in increased delivery of fine sediment to watercourses in recent years, such that the loading of fine sediment to many rivers now far exceeds natural or intrinsic conditions (Walling & Fang, 2003, Foster et al., in review). Concerns about the impact that such increased loads are having on the ecology and geomorphology of freshwaters has led to suggestions that fine sediment is one of the most widespread and detrimental forms of aquatic pollution (Ritchie, 1972, Lemly, 1982). The impacts on biota are wide ranging and can be profound (e.g. Waters, 1995, Jones et al., in review, Sear et al., in review, Collins et al., in review); here we review the effects of fine sediment on macro-invertebrates.
An important aspect of the management of fine sediment loads in rivers is determination of an acceptable level of input from the catchment and its key sources  ADDIN EN.CITE (Collins & Anthony, 2008, Cooper et al., 2008, Collins et al., 2009). Unlike many other pollutants, a certain amount of fine sediment is necessary for rivers to function normally and it is only where excess loading occurs that the negative impacts of fine sediment are expressed. Here we review the mechanisms by which fine sediment can impact macro-invertebrates and the difficulties in translating the available evidence of impacts into practical targets for fine sediment management in river catchments.

Physical effects of Increased Fine Sediment Loading
Abrasion
Increased loads of fine sediment result in both increased concentrations of suspended particles and increased rates of deposition (Sear et al., 2008; Walling 1995). Although difficult to quantify, it is likely that invertebrates are prone to abrasion from particles in the flow, which in extreme circumstances, may cause individuals to become dislodged (though invertebrates will also release from the substrate as a behavioural response to increased sediment load, see below) or cause damage to their body parts. Particles need not be truly in suspension, and it is likely that larger particles, particularly sand, moving by saltation or as bedload cause the most damage. In experimental channels saltating sand caused catastrophic drift, which was not seen in patches where sand deposited (Culp, Wrona & Davies, 1986). Nevertheless, smaller particles may be equally damaging if moving at high velocity. Unprotected, fine and fleshy body parts, such as gills and filter feeding apparatus, are particularly prone to damage, with obvious consequences for the individuals affected. Behavioural responses to protect such sensitive structures from abrasion can ensue (such as retraction of filter combs; (Kurtak, 1978)), although such avoidance behaviour inevitably disrupts normal functioning. Where retraction is not possible, individuals may retreat to areas of low velocity or spend time cleaning and repairing damaged structures (Edington & Hildrew, 1995). 
Clogging 
As well as physical damage to fine and sensitive parts, the transport of fine particles, particularly clays and silts, can result in a build up on the organs, disrupting the normal functioning of gills and filter feeding apparatus, making respiration and feeding difficult. Many species of invertebrate collect particles from the water by filter feeding and have a variety of special structures for doing so. Fine Bivalve molluscs are capable of expelling unwanted particles from their gills but can expend considerable energy and mucus producing pseudofaeces (unwanted uningested particles) in order to expel sediment particles from their gills  ADDIN EN.CITE (MacIsaac & Rocha, 1995, Iglesias et al., 1996), thus considerably reducing the efficiency of feeding. Where loads are sufficiently high, more energy can be expended removing unwanted particles than is gained from feeding, leading to cessation of feeding where loads of suspended silt are high (Ellis, 1936). Like molluscs Cladocera also reject unwanted particles from their filter combs and spend an increased proportion of their time (and energy) cleaning these structures where concentrations of inorganic suspended solids are high, but these negative effects can be balanced where Cladocera utilise increased loads of fine particulate organic matter  ADDIN EN.CITE (Arruda, 1983, Arruda, Marzolf & Faulk, 1983, Hart, 1992). Blackfly (Simuliidae) larvae are less selective in what they consume, ingesting most of the material collected. Hence, the ingestion rate of blackfly larvae declines with increasing inorganic suspended sediment as their guts fill with the inert particles (Gaugler & Molloy, 1980). Feeding rate is impaired at concentrations of particles <125 µm greater than 50 mg L-1 (Kurtak, 1978). Similarly, many species of caddisfly larvae produce nets of silk to trap passing particles. These nets can become clogged with fine sediments, leading to an increase in cleaning activity and eventual abandonment (Edington & Hildrew, 1995, Strand & Merritt, 1997). Filter feeding blackfly and caddisfly larvae were notably absent from a stream receiving high inputs of fine sediment from tank ranges when compared to an adjacent undisturbed catchment (Armitage et al., 1999, Armitage & Blackburn, 2001). 
Burial
Burial is a large issue for sedentary animals and, where rates of deposition are high even motile animals can be affected. This was one of the earliest noted effects of increased sediment inputs; increased mortality in certain species of bivalve molluscs was noted as a consequence of rapid burial with most of the common species tested not being able to survive deposition of a layer of silt 0.6 - 2.5 cm thick over the bed, but capable of persisting on raised platforms (Ellis, 1936). Yet many species of invertebrate are adapted to live in fluvial depositional zones, and benefit from the rate of influx of organic (food) particles. In such habitats, invertebrates are usually motile, albeit very slow in some circumstances (e.g. Unionidae), and move to keep pace with accreting sediment. Issues arise when the rate of accretion exceeds the ability of individuals to excavate themselves, which is highly dependent upon individual taxa and the particle size of deposited materials (Wood et al., 2005). Sedentary invertebrates typical of habitats where the intrinsic rates of accretion are low are particularly vulnerable, generally not having the ability to keep pace with increased accretion (e.g.  Margaritifera margaritifera (L.)  ADDIN EN.CITE (Geist & Auerswald, 2007, Osterling, Greenberg & Arvidsson, 2008)). Smaller individuals (Wood, Vann & Wanless, 2001) and certain life stages, such as immotile eggs, can be more vulnerable to burial than others. Although direct effects of burial may not affect such vulnerable stages (e.g. through lack of access to food), the increase in the mortality of caddisfly pupae after burial was attributed to a reduced oxygen supply due to reduced water movement around the pupal cases (Rutherford & Mackay, 1986). However, prediction of which taxa are sensitive to burial is not straight forward. Nymphs of the mayfly Baetis rhodani (Pictet) are highly sensitive to burial, whereas nymphs of the stonefly Nemoura cambrica (Stephens) and larvae of the caddisfly Melampophylax mucoreus (Hagen) are capable of excavating themselves even after substantial (1 cm) burial  ADDIN EN.CITE (Wood et al., 2001, Wood et al., 2005). Larvae of the caddisfly Potamophylax cingulatus (Stephens) abandon their cases to escape burial (Dobson, Poynter & Cariss, 2000), whereas the larvae of the caddisflies in the families Molannidae and Goeridae prefer a thin covering of fine sediment (Wallace, Wallace & Philipson, 1990). Substantial burial by large particles (>2mm) is required to trap the water slater Asellus aquaticus (L.), whereas larvae of the caddisfly Hydropsyche pellucidula (Curtis) become trapped by smaller particles (< 500 µm) if deposited in a thick layer (Wood et al., 2005; Table 1). Although physical entrapment of invertebrates by burial can cause mortality by reducing access to food, it is the changes in the chemical environment that ensue that have the most profound effects (e.g. reduced supply of oxygen, see below).
Substrate Composition 
Together with increased accretion, fine sediment deposition results in changes to the composition of the bed of rivers. Where inputs of fine sediment to catchments are increased, the average size of particles becomes smaller, interstices between larger particles become filled, and where a surface drape of deposited sediment occurs the stability of the bed may be reduced. These changes alter the flow of water through the river bed, with consequent impacts on the hyporheic chemical environment (see below). Nevertheless, the changes in the physical structure of the bed also have an impact on the animals that live there. Most invertebrate species have specific requirements of the substrate they live in, and tend to avoid patches that fail to meet these requirements (Culp, Walde & Davies, 1983). Blackfly larvae tether themselves by means of a posterior circlet of hooks onto strands of silk which they attach to comparatively clean substrate, and they avoid substrates covered by a surface drape of loose sediments (Bass, 1998). Several species of crawling mayfly larvae will avoid finer, less stable substrates as they cannot grip them effectively, and enter the drift  ADDIN EN.CITE (Ciborowski, Pointing & Corkum, 1977, Corkum, Pointing & Ciborowski, 1977). Other species, e.g. certain Chironomidae and Ephemeridae, select finer sediments into which they build tunnels. However, few taxa are found on unstable deposits of sand where erosion and abrasion make it difficult for invertebrates to hold station (Culp et al., 1986, Armitage & Cannan, 2000).  
However, invertebrates do not just live on the surface of the river bed; both macrofauna (> 500 µm) and meifauna (42 – 500 µm) penetrate the substrate to some depth  ADDIN EN.CITE (Swan & Palmer, 2000, Stead, Schmid-Araya & Hildrew, 2004) either burrowing or working through the interstices between larger particles. In part, invertebrates use the deeper layers of the substrate as refugia to hide from risks more apparent on the substrate surface, such as high flow and predators  ADDIN EN.CITE (Lancaster, Hildrew & Townsend, 1991, Lancaster, 1996, Swan & Palmer, 2000). Although fine sediments may increase the embeddedness of stones reducing erosion during high flow events and creating areas of low shear stress, as interstices fill with fine sediments the ability of invertebrates to penetrate the river bed by crawling between larger particles becomes reduced, affecting the distribution of invertebrates (McClelland & Brusven, 1980) and the availability of refugia (Lancaster & Hildrew, 1993). The availability of flow refugia on the river bed has a significant influence on community composition, with motile species lacking where refugia are scarce (Gjerløv, Hildrew & Jones, 2003). Under such conditions the invertebrate community becomes more vulnerable to physical disturbance of the bed during flood events (or any event that depletes the fauna such as pollution or low flow (Dunbar et al., 2010)): recolonisation of denuded patches takes longer when motile species are lacking from the community (Gjerløv et al., 2003). 
Chemical Effects of Increased Fine Sediment Loading 
Oxygen concentration
The deposition of fine sediments on river beds is usually associated with profound changes to the chemical environment. Reduced percolation of water through the substrate results in the establishment of more pronounced gradients of oxygen and other dissolved substances (Pretty, Hildrew & Trimmer, 2006). Where deposited material has a high organic content, microbial activity can lead to oxygen depletion and a build up of potentially toxic substances such as ammonium, ferrous and manganese ions. Whilst the increased supply of particulate organic matter may benefit some species of invertebrate  ADDIN EN.CITE (Welton & Clarke, 1980, Lemly, 1982, Arruda et al., 1983, Hart, 1992, Jackson et al., 2007), many species are sensitive to the oxygen depletion, and associated chemical changes, that accompany such increases (e.g.  M. margaritifera (Geist & Auerswald, 2007)). Dependent upon their specific oxygen requirements, this chemical change restricts the depth to which invertebrates can penetrate into the deposited sediment (Swan & Palmer, 2000, Stead, Schmid-Araya & Hildrew, 2003). For example, the depth to which Hexagenaeid mayflies borrow into soft sediments is strongly correlated with oxygen depletion and the deposition of organic matter  ADDIN EN.CITE (Rasmussen, 1988, Krieger et al., 2007) indicating that depth penetration is affected by the chemical environment as well as the physical changes detailed above. Nevertheless, invertebrates can encourage remobilization and oxygenation of sediments by bioturbation and burrowing  ADDIN EN.CITE (Nogaro et al., 2006, Zimmerman & de Szalay, 2007, Nogaro et al., 2009). The changes in invertebrate community that accompany sewage pollution, primarily acting through oxygen depletion, are well documented (Hynes, 1960) and result in a predictable loss of taxa from the community (Jones et al., 2010): it is likely that similar changes will occur with increasing loads of fine particulate organic matter from other key catchment sources releasing organic material including farm steadings, damaged road verges and riparian areas (Collins et al., 2009).   
Indirect Effects of Increased Fine Sediment Loading
Habitat availability
As well as the direct effects of fine sediment upon the invertebrates, there are a number of consequences of increased fine sediment loading that impact upon the invertebrate community via indirect pathways. Many aspects of river ecosystems are altered as a consequence of increased loading of fine sediment; of paramount importance are changes to the habitats available to invertebrates, particularly changes in substrate particle size and changes in the macrophyte community. There is a strong relationship between substrate composition and invertebrate distribution at the patch scale (Culp et al., 1983), and invertebrate community is strongly correlated with meso-scale habitat patches  ADDIN EN.CITE (Pardo & Armitage, 1997, Collier, Wilcock & Meredith, 1998, Armitage & Cannan, 2000, Buffagni et al., 2000), defined by water depth, substrate composition, and the presence and type of macrophytes (Kemp, Harper & Crosa, 2000). Furthermore, changes in habitat patches are often the best descriptor of change in invertebrate community (Petts, Armitage & Castella, 1993). Dependent upon the quantity and quality of the fine sediment entering the river channel, increased loadings result in either an increase or decrease in the abundance of macrophytes, which in turn affect conveyance of sediment, respectively increasing or reducing retention of fine particulate material on the river bed (see Jones et al. submitted). Species composition of macrophytes is likely to change with increased loading, tending towards more rapidly growing and/or emergent species (Wood & Armitage, 1997). Areas of low flow are created by plant stands and fine organic rich sediments accrue, altering conditions for sessile organisms such as bivalves (Fritz, Gangloff & Feminella, 2004). All these changes in habitat availability will have important consequences for the invertebrate community present at a site. 
Food availability and quality
Dependent upon the key sources of fine sediment, loadings to rivers can contain substantial quantities of organic matter, influencing the concentration of particulate organic matter suspended in the water, and therefore the food available to filter feeding invertebrates. Where concentrations of particulate organic matter are increased above intrinsic levels there is the potential for populations of filter feeders to expand. However, the overall quality of particulate food resources may decline if the concentration of particulate inorganic matter increases disproportionately, influencing ingestion rate (see above; Gaugler & Molloy, 1980). Deposit feeders can also benefit from increased retention of particulate organic material on the river bed, though again increases in quantity can be counteracted by declines in nutritional quality where inorganic matter comprises a large proportion of the available resource.  Similarly the nutritional quality of periphyton (the film of attached algae, fungi, bacteria, organic matter and sedimented material found on the surface of stones) can decline as the proportion of inorganic material in the layer increases. Further declines in periphyton quality can occur due to the effect of turbidity on algal growth (Parkhill & Gulliver, 2002); suspended sediment reduces light penetration to the river bed resulting in less algal growth and, therefore, the nutritional quality of periphyton. The decline in periphyton food quality may have severe implications for scraping invertebrates that depend upon this resource, such as snails. The egestion rate of the gasteropod Physa integra Haldeman increased with experimental additions of silt, suggesting increased consumption to compensate for reduced food quality (Kent and Stelzer 2008). However, longer term experiments with another gasteropod, Potamopyrgus antipodarum (J.E. Gray), and the mayfly Deleatidium sp. indicate that high levels of deposition impact the growth rate of grazers (Broekhuizen, Parkyn & Miller, 2001). Further, changes occur in the availability of periphyton due to fine sediment loading. The reduced light penetration with increased turbidity results in a reduction in the proportion of the bed where algae can grow  ADDIN EN.CITE (Vermaat & De Bruyne, 1993, Köhler, Hachoł & Hilt, 2010). Macrophytes shade the river bed restricting the growth of benthic algae beneath them (Sand-Jensen et al., 1989); fine sediments interact strongly with macrophytes (Jones et al., submitted) and any change in the abundance of macrophytes as a consequence of fine sediment loading will affect the availability of benthic algae. However, macrophytes present new substrate for periphyton high in the water column, and any losses of benthic algal food resources can be counteracted by an increase in the availability of periphyton growing on plant surfaces which can be exploited by grazing invertebrates, both generalist and specialized for feeding on this resource (Diehl & Kornijów, 1998). Furthermore, the macrophytes themselves are exploited by invertebrates (Sand-Jensen & Madsen, 1989) and can offer nutritionally better quality food than the terrestrial leaf detritus that supports many river communities (Sand-Jensen, 1997). All these changes to the quality, availability and source of food resources will have implications for the invertebrate community present at a site. 
Food web changes
Fine sediments can have a profound impact upon fish populations, particularly a direct impact on egg survival and recruitment (Waters, 1995). By restricting the supply of oxygen to eggs, either buried in the river bed or broadcast, fine sediments can result in the death of fish eggs (Wood & Armitage, 1997, Sear et al., 2008). Further direct (e.g. clogging of gills) and indirect (e.g. changes in habitat) impacts on fish populations occur as a result of increased loading of fine sediment (for a full review see Kemp et al., submitted). As invertebrates comprise the main food resource of many species of fish, invertebrates are released from predation where fish populations decline as a consequence of increased fine sediment loading. Even where fish populations are not impacted, increased turbidity can reduce the visibility of invertebrate prey to fish, thus reducing predation risk  ADDIN EN.CITE (Gardener, 1981, Berg & Northcote, 1985, Zamor & Grossman, 2007). The implications for the invertebrate community will depend on the extent to which predation controls population growth; in unproductive or frequently disturbed conditions change in fish density has little impact on invertebrates (Peckarsky et al., 2008), whereas fish can exert significant control on invertebrate populations in more productive environments (Jones & Jeppesen, 2007). Many fish species are visual predators and select larger prey items, thus having a more intense impact on larger, typically predatory invertebrates, altering invertebrate community composition and in turn impacting upon the taxa these invertebrates feed upon. Although such community level changes may be profound, discriminating these indirect effects from the other impacts of fine sediment is extremely difficult.
Scales of Response of Invertebrates to Increased Fine Sediment Loading
Invertebrates display different scales of response to increased fine sediment loading. The most immediate response to an increase in the concentration of suspended fine sediment is an increase in the number of animals entering the drift  ADDIN EN.CITE (Ciborowski et al., 1977, White & Gammon, 1977, Rosenberg & Wiens, 1978, Doeg & Milledge, 1991, Suren & Jowett, 2001, Matthaei et al., 2006, Larsen & Ormerod, 2010; see Table 1), although some authors have suggested that the effects of increased discharge, often associated with increased sediment loads, have a greater impact on drift densities than sediment load per se (Bond & Downes, 2003). Increased drift may in part be due to individuals becoming dislodged by moving particles (Culp et al., 1986), but there appears to be an active behavioural component also with individuals actively using drift to avoid the negative impacts (e.g. burial) of increased concentrations of suspended sediment (Ciborowski et al., 1977). The sudden increase in densities of drifting invertebrates can result in a depletion of the standing stock in the benthos, particularly of motile taxa, resulting in a change in abundance and composition of the remaining community  ADDIN EN.CITE (Doeg & Milledge, 1991, Suren & Jowett, 2001, Matthaei et al., 2006, Larsen & Ormerod, 2010). Notwithstanding the apparent effects on the benthos, such a behavioural response can lead to increased survival of individuals and rapid recolonisation of a site after a sediment pulse has passed. 
Direct and indirect impacts of fine sediment can manifest on the growth rate  ADDIN EN.CITE (e.g. Broekhuizen et al., 2001, Kent & Stelzer, 2008) and mortality (e.g. Ellis, 1936) of individuals, which can be detected through reduced population growth rate (e.g. Broekhuizen et al., 2001). As individuals succumb to the direct negative impacts of increased sediment loads changes in the abundance of individual species will manifest, which in turn alter community composition  ADDIN EN.CITE (e.g. Fossati et al., 2001, Ehrhart, Shannon & Jarrett, 2002, Freeman & Schorr, 2004). Similarly changes in community composition can occur as changes in the available habitat favour different species (Armitage & Cannan, 2000, Hutchens et al., 2009). Nevertheless, the scaling up of impacts from the patch to the whole river reach is challenging and fraught with difficulties. Relationships between deposited fine sediment and invertebrate community that are observed at the patch/mesohabitat scale are often not obvious when samples are collected at the whole reach scale (Larsen, Vaughan & Ormerod, 2009), where the community can be comprised of animals from both depositional and erosional patches. In part, this may be due to difficulties of quantifying sediment stress at the larger scale, but there are clear issues regarding the most appropriate scale to use to detect impacts on macro-invertebrates.
Scales of Detection of Effects of Increased Fine Sediment Loading
Current targets for fine sediments in rivers are commonly based on concentrations of suspended solids (Collins & Anthony, 2008), yet the impacts on invertebrates are largely driven by deposition of material (see above) which is, in part, a consequence of in-stream conditions (Hutchens et al., 2009) and hence the experimental conditions which are used to determine the impact. Hence, the design of investigations used to assess the impact of fine sediment on macro-invertebrates is paramount, not only in terms of the response of the animals but of the manifestation of impacts. Objective quantitative information on the sensitivity of river invertebrates to increased fine sediment loading can be derived using different approaches. The constraints on the general applicability of the information are dependent upon the approach used. Typically the approaches used to assess the response of biota to pollutants, including sediment, are,
i)	laboratory assessments,
ii)	field scale experimental manipulations (experimental channels and simulated events), 
iii)	case studies of pollution events, and 
iv)	correlation of field survey data. 
The approaches differ in the degree of experimental control possible (decreasing from i to iv), and in type of response, scale and general applicability to the natural environment (increasing from i to iv). Any information derived from these different sources should be interpreted with these constraints in mind. 
Laboratory assessments
The sensitivity of animals to pollutants is typically derived through assessments of chronic, or incipient, toxicity in continuous exposure tests which establish the concentration which causes mortality of 50% of the test organisms (Lethal Concentration 50 or LC50) conducted under controlled conditions. Whilst clearly of some use in predicting the biological impact of continuous discharges of toxic pollutants, the relevance of such techniques to the impact of fine sediment on invertebrates, where effects are rarely through direct toxicity, is limited. Nevertheless, pertinent experiments have been conducted on the ability of invertebrate taxa to withstand burial by fine sediments of differing particle size  ADDIN EN.CITE (Wood et al., 2001, Wood et al., 2005), and on the impact of fine sediment on feeding rate  ADDIN EN.CITE (Kurtak, 1978, Gaugler & Molloy, 1980, Hart, 1992, Broekhuizen et al., 2001, Kent & Stelzer, 2008).
Field scale experimental manipulations 
Experimental channels which approximate to the field scale, particularly flow-through channels fed by river water where natural colonisation by a range of organisms is possible, have been used to emulate natural conditions and provide more realistic tests of the impact of fine sediment on macro-invertebrates (Connolly & Pearson, 2007) and meiofauna (Radwell & Brown, 2006). Such flow-through artificial channels enable some behavioural responses to fine sediment loading to be expressed and quantified, such as drift and re-colonisation by invertebrates (Suren & Jowett, 2001). There are logistic constraints on the number of treatment concentrations that can be tested; large-scale, typically outdoor, channels require considerable manpower to maintain and the number of replicate channels available constrains experimental designs (Lamberti & Steinman, 1993, Belanger, 1997). A further constraint arises from the scarcity of such large-scale experimental facilities; it is only possible to use such facilities to test the impact on the few river types (and hence water chemistry and community types) where the facilities are sited. Hence, the impacts predicted using such channels may not be applicable to wider more distant sites and their species. Nevertheless, studies using such facilities can provide valuable information at the population or community level. Experiments detailing the impact of loadings of fine sediment have illustrated the impact of added sediment on growth and survival  ADDIN EN.CITE (e.g. Ellis, 1936, Kent & Stelzer, 2008, Molinos & Donohue, 2009), drift  ADDIN EN.CITE (Doeg & Milledge, 1991, Suren & Jowett, 2001, Molinos & Donohue, 2009), burrowing (Doeg & Milledge, 1991, Zimmerman & de Szalay, 2007), invertebrate community  ADDIN EN.CITE (McClelland & Brusven, 1980, Bond & Downes, 2003, Connolly & Pearson, 2007), and growth and production of basal resources (Parkhill & Gulliver, 2002).
An alternative approach is to simulate pulsed events by experimental dosing of real rivers with sediment. Here sites, chosen carefully so that any damage does not influence substantial lengths of river downstream, are dosed with sediment and the consequence followed. Such controlled dosing experiments provide the most appropriate information for assessing the impact of sediment pollution on rivers. However, the logistics involved in undertaking such large scale manipulations are such that they have not been undertaken that often. Hence, only a few river types and certain types of sediment pollution have been investigated (See Table 1). Experiments in the upper Usk (Wales, UK) have shown that experimental addition of sand resulted in increased drift, particularly of mayflies (Baetis rhodani, B. muticus and Ecdyonurus spp.), blackflies, chironomids and helodid beetles, with a consequent reduction in the benthic densities (Larsen & Ormerod, 2010). An increase in Chironomidae and decrease in the proportion of scrapers was noted over 3 years when benthic inorganic sediment increased from  800 g m-2 to over 5000 g m-2 as a result of modification of a road-crossing (Kreutzweiser, Capell & Good, 2005). Reductions in invertebrate taxon richness and richness of Ephemeroptera, Plecoptera and Trichoptera were observed in New Zealand streams in a more comprehensive study, where naturally deposited river sediment was experimentally added to replicated streams of different land use type (Matthaei et al., 2006). 
Case Studies 
Most case studies report the impact of increased sediment loading from episodic events, usually construction or mining works  ADDIN EN.CITE (Extence, 1978, Cline, Short & Ward, 1982, Stout & Coburn, 1989, Ehrhart et al., 2002, Lane & Sheridan, 2002, Milner & Piorkowski, 2004, Blettler & Marchese, 2005, Kreutzweiser et al., 2005, Hedrick, Welsh & Anderson, 2007, Levesque & Dube, 2007, Chen et al., 2009), or continuous activities, such as the impact of livestock  ADDIN EN.CITE (Fritz, Dodds & Pontius, 1999, Braccia & Voshell, 2006, Braccia & Voshell, 2007) and military practices  ADDIN EN.CITE (Quist et al., 2003, Maloney, Mulholland & Feminella, 2005, Williams et al., 2005, Bhat et al., 2006, Maloney & Feminella, 2006). Due to the often diffuse nature of sediment pollution events, there are relatively few case studies reporting their impact. Unless there is continuous monitoring (e.g. using turbidity sensors), peaks of suspended sediment concentration are often missed (Bilotta & Brazier, 2008) since peaks of fine sediment concentration often occur as a consequence of rainfall events flushing material into neighbouring water courses (Smith et al., 2003). The difficulties of accurate quantification of the consequences of pulsed events are compounded by a frequent lack of biological information from both before and after an event. As a consequence, it is rarely possible to draw accurate conclusions from case studies (Angermeier, Wheeler & Rosenberger, 2004). Situations where continuously elevated concentrations of sediment occur, often associated with mining activity, which can provide some information regarding chronic impacts on the invertebrate community  ADDIN EN.CITE (e.g. Fritz et al., 1999, Glozier et al., 2002, Williams et al., 2005), but may not reflect the impact of pulsed events where there is the potential for recovery between episodes. Nevertheless, certain taxa do seem to be negatively impacted by increased loads of fine sediment, particularly certain Emphemoptera, Plecoptera and Trichoptera, whilst others, particularly certain Diptera and Oligochaeta, are positively impacted.
Correlation 
Wide applicability across river types can be achieved using correlation techniques, to assess relationships between large scale biological and chemical sampling data. Here data on the occurrence of biota and the sediment conditions of those sites are analysed together. Whilst any analyses are constrained by the quality of the data, by using a large number of samples collected at a scale where realistic responses are possible the likelihood of an accurate description of the sensitivity of biota to fine sediment can be increased. Such techniques have shown a relationship between small (patch) scale measures of invertebrate community and deposited material, indicating that the local distribution of Ephemeroptera, Plecoptera and Trichoptera is influenced by substrate composition, but have failed to indicate more than weak relationships, particularly with the abundance of Oligochaeta and Chironomidae, at the more realistic reach scale  ADDIN EN.CITE (Herbst & Kane, 2006, Cover et al., 2008, Larsen et al., 2009). At the reach scale separating the effects of covariables associated with land use from those of fine sediment per se is difficult (Hutchens et al., 2009), and the characteristics of individual sites are likely to have a large bearing on results where the number of sites investigated is low. Although not used to investigate the impact of fine sediment on macro-invertebrates, weighted averaging provides a technique where the influence of the characteristics of the site are partialled out (i.e. their influence removed) leaving only the effect of the fine sediment. Whilst the use of any technique that relies on field derived data is inherently problematic, when combined with pertinent measures of fine sediment loading, the weighted averaging approach is likely to provide the best description of the effect of fine sediment on macro-invertebrates. As correlation does not provide proof of cause-effect, any relationships derived using such techniques will require verification by experimental manipulation.
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Table 1. Effects of fine sediment on stream and river invertebrates. 
Species		Effect	Sediment Load	Sediment type	Author
Laboratory assessments
Baetis rhodani,	Ephemeroptera	Burial	5 mm depth	125 µm - >4 mm	(Wood et al., 2005)
Asellus aquaticus	Isopoda	Burial	5 mm depth 10 mm depth	> 4 mm>2 mm	(Wood et al., 2005)
Hydropsyche pellucidula	Trichoptera	Burial	10 mm depth	<500 µm	(Wood et al., 2005)
Ephemerella subvaria	Ephemeroptera	Increased drift	2.68 g L-1	Potter’s clay	(Ciborowski et al., 1977)
Simuliidae	Diptera	Feeding Inhibition	> 50 mg L-1	<125 µm	(Kurtak, 1978, Gaugler & Molloy, 1980)
Pteronarcys californica 	Plecoptera 	Feeding inhibition	1.5 mg L-1		(Hornig & Brusven, 1986)
Hesperophylax occidentalis	Trichoptera	Feeding inhibition	1.5 mg L-1		(Hornig & Brusven, 1986)
	Bivalvia	Feeding inhibition	600 mg L-1	Diatomaceous earth	(Aldridge, Payne & Miller, 1987)
	Bivalvia	Reduced metabolism	600 mg L-1	Diatomaceous earth	(Aldridge et al., 1987)
	Cladocera Copepoda	Feeding inhibition	25,000 mg L-1		(Alabaster & Lloyd, 1982)
Daphnia spp.	Cladocera	Positive and negative effects on growth	≈ 200 NTU(≈ 200 mg L-1)	Lake sediment	(Hart, 1992)
Potamopyrgus antipodarum	Gasteropoda	Reduced growth	>0.3 g cm-2	<63 µm	(Broekhuizen et al., 2001)
Physa integra	Gasteropoda	Reduced growth	0.06 g cm-2 d-1	<63 µm	(Kent & Stelzer, 2008)
Deleatidium, ZephlebiaPolyplectropus, TriplectidesXanthocnemis zealandicaParanephrops planifirons	EphemeropteraTrichopteraOdonataDecapoda	No effect	20,000 NTU22,400 mg L-1	<0.05 mm	(Suren, Martin & Smith, 2005)
Rhithrogena semicolorataBaetis rhodani	Ephemeroptera	Increased driftNo effect on survival	250 - 2000 mg L-1	<63 µm	(Molinos & Donohue, 2009)
Asellus aquaticusGlossosoma boltoni	AmphipodaTrichoptera	No effectNo effect on survival	> 2000 mg L-1	<63 µm	(Molinos & Donohue, 2009)
Hydropsyche betteni	Trichoptera	Reduced survivalNo effect on growth	23 NTU 773 mg L-1	<0.6 mm	(Strand & Merritt, 1997)
Ceratopsyche sparna	Trichoptera	No effect on growth or survival	23 NTU 773 mg L-1	<0.6 mm	(Strand & Merritt, 1997)
Field scale experimental manipulations 
Paraleptophlebia	Ephemeroptera	Increased drift		Depositing sediment	(Culp et al., 1986)
		Increased drift		Saltating sediment	(Culp et al., 1986)
Baetis rhodani, Baetis muticus, Ecdyonurus spp. Simulidae, Chironomidae Helodidae	EphemeropteraDipteraColeoptera	Increased drift	4 – 5 Kg m-2	Sand	(Larsen & Ormerod, 2010)
		Increased drift	133 mg L_1		(Doeg & Milledge, 1991)
	DipteraPlecopteraEphemeroptera	Increased drift	2.95-14 mg L-1		(Rosenberg & Wiens, 1978)
		Increased drift	550-700 Kg	2 mm (mean)	(Matthaei et al., 2006)
Paracalliope fluviatilis Oxyethira albicepsHydrobiosis sp.Chironomidae	AmphipodaTrichopteraDiptera	Increased drift			(Suren & Jowett, 2001)
	EPT	Reduced colonisation	5 mm depth	Volcanic ash	(Brusven & Hornig, 1984)
Baetis rhodani, Ecdyonurus spp. Leuctra hippopus, Leuctra moselyi	EphemeropteraPlecoptera	Reduced density	4 – 5 Kg m-2	Sand	(Larsen & Ormerod, 2010)
	EPT	Reduced richness	40%	<2mm	(Kaller, Hartman & Angradi, 2001)
	All taxa EPT	Reduced richness	550-700 Kg	2 mm (mean)	(Matthaei et al., 2006)
Physa integra	Gasteropoda	Reduced growth	0.37 g cm-2 d-1	<63 µm	(Kent & Stelzer, 2008)
	Bivalvia	Mortality	6 – 25 mm depth	Silt	(Ellis, 1936)
Physa integra	Gasteropoda	Reduced growth	0.37 g cm-2 d-1	<63 µm	(Kent & Stelzer, 2008)
Case Studies 
		Reduced density	8–177 mg L-11.3-8.2 NTU	<1 µm	(Quinn et al., 1992)
		Reduced density	62 mg L-1		(Wagener & LaPerriere, 1985)
		Reduced richnessand density	<500 mg L-1		(Cline et al., 1982)
		Reduced richnessand density	4610 mg L-1		(Doeg & Koehn, 1994)
		Reduced richnessand density			(Gray, 2004)
		Reduced richnessand density			(Fossati et al., 2001)
		Reduced richnessand density			(Milner & Piorkowski, 2004)
		Reduced richnessand density			(Blettler & Marchese, 2005)
		Reduced richness			(Ehrhart et al., 2002)
		Reduced richness	130 mg L-1		(Nuttall & Bielby, 1973)
	EPT	Reduced richness	10% more cover	< 2mm	(Fritz et al., 1999)
Chironomidae	Diptera	Reduced density	300 mg L-1		(Gray & Ward, 1982)
	Cladocera	Reduced survival	82–392 mg L-1		(Robertson, 1957)
		Reduced index score	Mean increase 0.36 NTU0.41 mg L-1		(Chen et al., 2009)
Correlation
	EPT	Reduced richness	>0.8–0.9% of riffle substrate composition	<0.25 mm	(Kaller & Hartman, 2004)
	EphemeropteraPlecoptera Trichoptera	Reduced richness	30% cover	Patch scale	(Larsen et al., 2009)
	Oligochaeta	Increased relative abundance	30% cover	Reach scale	(Larsen et al., 2009)
Antocha spp.ChironominaeEcclisomyia spp.	DipteraTrichoptera	Decreased density	to 16 % riffle surface composition	Reach scale <4 mm	(Cover et al., 2008)
Attenella delantalaZapada columbiana	Ephemoptera Plecoptera	Increased density	to 16% riffle surface composition	Reach scale <4 mm	(Cover et al., 2008)
Dicranota spp., Drunella doddsi,Epeorus spp.	DipteraEphemeroptera	Decreased density	% riffle surface composition	Patch scale <4 mm	(Cover et al., 2008)
Attenella delantala	Ephemeroptera Oligochaeta	Increased relative abundance	% riffle surface composition	Patch scale <4 mm	(Cover et al., 2008)
	EPT	Reduced richness	≥ 100 ml	Pumped sediment volume	(Herbst & Kane, 2006)
Chironomidae	Oligochaeta Diptera	Increased density	≥ 100 ml	Pumped sediment volume	(Herbst & Kane, 2006)
	EPTAll taxa	Reduced density and richness	-6.4 –  -0.3 phi	Bed particle size	(Roy et al., 2003b)
	Taxa on riffles	Reduced richness	-6.4 –  -0.3 phi	Bed particle size	(Roy et al., 2003a)
	Taxa on banks	No effect on density or richness	-6.4 –  -0.3 phi	Bed particle size	(Roy et al., 2003a)
	All taxa	Reduced density and richness		% bed composition	(Quinn & Hickey, 1990)
ChironomidaePotamopyrgusOxyethira	Oligochaeta DipteraGasteropodaTrichoptera	Increased density		Strongly associated with differences in land use	(Quinn et al., 1997)
(EPT = Ephemeroptera, Plecoptera and Trichoptera; the number of taxa in these families are commonly used to assess impacts on invertebrate community)

